Background: Observational studies suggest that diet may influence pancreatic cancer risk. We investigated the effect of a low-fat dietary intervention on pancreatic cancer incidence. Methods: The Women's Health Initiative Dietary Modification (WHI-DM) trial is a randomized controlled trial conducted in 48 835 postmenopausal women age 50 to 79 years in the United States between 1993 and 1998. Women were randomly assigned to the intervention group (n ¼ 19 541), with the goal of reducing total fat intake and increasing intake of vegetables, fruits, and grains, or to the usual diet comparison group (n ¼ 29 294). The intervention concluded in March 2005. We evaluated the effect of the intervention on pancreatic cancer incidence with the follow-up through 2014 using the log-rank test and multivariable Cox proportional hazards regression model. All statistical tests were two-sided. 
. In light of the projected increasing trend of pancreatic cancer incidence and its high fatality rate (10) , evaluating preventive strategies targeting diet is of great importance. However, thus far, no study has deliberately assessed the effect of dietary intervention on pancreatic cancer prevention due to the limited capacity of existing clinical trials to address this question.
The Women's Health Initiative (WHI) dietary modification (DM) clinical trial was conducted between 1993 and 2005, with the primary goal of preventing breast and colorectal cancers (11, 12) . Although the low-fat dietary pattern used in this trial was not associated with statistically significant risk reduction of major cancer types (13) (14) (15) , the intervention group reported a statistically significant reduction in total fat intake, to 29% of total energy on average, along with the reduction in intake of red meat and saturated fat and the modest increased intake of dietary fiber, fruits, vegetables, and whole grains (13, 16) , compared with the comparison group. During the postintervention period, the difference in dietary intake between two groups was preserved in spite of the attenuation (15) . In addition, the DM was associated with a modest but statistically significant long-term weight reduction (16, 17) , as well as improved metabolic profile (17, 18) .
Because a high-fat diet, obesity, and metabolic syndrome are potential risk factors for pancreatic cancer (19, 20) , it is plausible that the WHI-DM intervention could influence risk of pancreatic cancer even though the convincing evidence for a link between diet and pancreatic cancer is still lacking. In a previous analysis on multiple cancer sites, the crude hazard ratio for pancreatic cancer was 0.75 (95% CI ¼ 0.49 to 1.15) during the core intervention period (14) . In the present report, we conducted an analysis to examine the effect of the WHI-DM trial specifically on pancreatic cancer risk, combining both the core intervention and the postintervention periods. We also evaluated how baseline adiposity influenced the association between dietary intervention and risk of incident pancreatic cancer.
Methods

Study Population
Details of the WHI clinical trial (NCT00000611) design were previously published (12) . Briefly, 161 808 women age 50 to 79 years were recruited from 40 clinical centers throughout the United States between 1993 and 1998. Women were eligible for the WHI-DM trial if they were postmenopausal and reported a baseline total fat intake of 32% or higher of total energy (%Kcal), as assessed by the WHI food frequency questionnaire (FFQ) (21) . Women were ineligible for the WHI-DM trial if they had selfreported type 1 diabetes, a prior cancer history within 10 years except for nonmelanoma skin cancer, medical conditions likely to cause death within three years, or had reported consuming 10 or more main meals per week prepared outside of the home (11) (12) (13) 22) .
Dietary Modification Intervention
Among 48 835 WHI-DM trial participants, 19 541 (40%) were randomly assigned to follow the low-fat dietary pattern (intervention) and 29 294 (60%) were assigned to continue their usual diet (comparison). Random assignment was based on a permutedblock algorithm with block size of five, 10, or 15 and stratified by clinical center and age group (50-54, 55-59, 60-69, and 70-79 years) (22) . The WHI-DM was a behavior modification program to reduce total fat to 20% of daily energy intake and increase fruit and vegetable consumption to five or more daily servings, and grains to six or more daily servings. Caloric restriction or weight loss was not the intervention target. Participants received intensive behavioral modification involving 18 focus group sessions and one individual session in the first year, followed by quarterly maintenance sessions through March 31, 2005 . DM intervention group participants were asked to monitor their food intake (12) . DM comparison group participants received a copy of Dietary Guidelines for Americans (23) and other health-related materials, but were not asked to make specific diet changes or monitor their diet.
From the original 19 541 participants in the intervention and 29 294 participants in the comparison group, we excluded 1047 and 1588 participants, respectively, because of a history of cancer. As a result, we included 18 494 and 27 706 participants in the respective groups in the analysis (Figure 1 ).
The WHI Extension Studies
Per protocol, the WHI-DM core intervention ended on March 31, 2005 . A total of 76.8% women in the intervention and 80.2% women in the comparison group reconsented for extension study 1 and were followed up through 2010 (2005) (2006) (2007) (2008) (2009) (2010) in the entire cohort. Our analysis included 13 952 and 21 812 women in the intervention and comparison groups, respectively, for the extension 1 study. In 2010, 81.3% (n ¼ 11 348) in the intervention and 80.9% (n ¼ 17 652) in the comparison group were reconsented for extension study 2 (2010-2015) , with follow-up through August 29, 2014 (Figure 1 ). Throughout extension study 1, participants in the DM intervention group received a quarterly newsletter to offer tips for maintaining the dietary behaviors.
Data Collection
All participants provided information on sociodemographic features, medical history, medication use, smoking habit, alcohol use, physical activity, and family history of cancer at baseline. Study region (North east, South, Southwest, and West) was assigned to each participant. Trained research staff measured weight, height, and waist and hip circumference at the first clinical visit and annually throughout the core intervention trial (22) . All reconsenting participants for extension studies completed annual data collection forms on medical history and lifestyle information (15) . Average daily food consumption was assessed by self-administered WHI-FFQ at baseline, at year 1 after random assignment, and approximately every three years on a rotating basis for one-third of the women each year through March 2005.
Outcome Ascertainment
The primary outcome for this analysis was incident pancreatic cancer, which was initially ascertained through semi-annual self-administered questionnaires, and then confirmed through centralized review of medical records by trained adjudicators. Through August 29, 2014 , 257 incident cases of pancreatic cancer were centrally adjudicated, and 81.7% of cases were pathologically confirmed.
Institutional review board (IRB) approval was obtained at each clinical center, and all participants provided written informed consent. The present analysis was approved by the WHI and the combined IRBs of Baylor College of Medicine and Michael E. DeBakey VA Medical Center.
Statistical Analysis
We used a Student's t test or v 2 test to compare baseline characteristics of participants in the intervention and comparison groups. We compared age-adjusted incidence of pancreatic cancer based on the intent-to-treat principle. The time to event was defined as the number of days after enrollment to the diagnosis of pancreatic cancer, death, loss to follow-up, end of extension study 2 (August 29, 2014), end of extension study 1 (September 30, 2010), or core intervention period (March 31, 2005), respectively. We used a weighted log-rank test for differences in Kaplan-Meier estimated cumulative hazard for pancreatic cancer between the two groups, with weight defined using time since random assignment, with a weight of 0 at random assignment rising linearly to 1 at 10 years of follow-up and held constant at 1 thereafter. We used multivariable Cox proportional hazards regression analysis to estimate the hazard ratio (HR) and 95% confidence interval (CI) for risk of incident pancreatic cancer in association with intervention. The proportional hazards assumption was not violated for DM intervention and major exposure variables. An inspection of the Schoenfeld residuals for each model predictor was performed to check the proportional hazard assumption. The results showed that the slopes of major exposure variables by time (from baseline to five, 10, 15, and 20 years) were close to 0, thus confirming close adherence to proportional hazards. We evaluated the following variables for their potential confounding effects on low-fat diet and pancreatic cancer: age, race, education, region, body mass index (BMI), waist to hip ratio (WHR), smoking, physical activity, nonsteroidal antiinflammatory use, diabetes, pancreatitis, family history of cancer, alcohol use, baseline daily nutrient consumption estimates (total energy intake, percentage of energy from fat, carbohydrate, protein, saturated fat, monosaturated fat and polysaturated fat, folate fiber, and total sugar), baseline daily food assumption (saturated fat, red meat, vegetables, and fruits and ARTICLE grains), and hormone therapy and calcium/vitamin D (Ca/D) trial assignments. Baseline dietary and nutrient intake were energy-adjusted using the density method. We also tested whether the weight change variable mediated the inverse association between low-fat dietary pattern and pancreatic cancer. Absolute weight change (kg) between year 3 and baseline was categorized as weight loss (<-3.0 kg), weight maintenance (-3.0 kg and <3.0 kg) or weight gain (3 kg). Data on weight change were available for 86.2% of participants in the core intervention period. We conducted stratified analyses according to baseline BMI status (25< vs 25 kg/m 2 ), smoking status (never and former vs current), self-reported type 2 diabetes (yes vs no), family history of cancer (yes vs no), and weight change (weight loss and maintenance vs weight gain). We used Wald tests to test the statistical significance of interaction effect. We performed sensitivity analyses by excluding participants with chronic pancreatitis or who were followed-up for less than two years to address the concern on reverse causality. We also excluded cases without pathological confirmation from the analysis. We alternatively used 25 and 30 kg/m 2 as the cutoff points in the analysis, stratified by baseline BMI. Last, 6187 women died during the entire follow-up period in this trial. We addressed the potential competing risk of death by modeling death in the Cox proportional hazards regression model. Analyses were carried out using SAS statistical software (version 9.4; SAS Institute Inc, Cary, NC). All tests were twosided, with P values of less than .05 considered statistically significant. Table 1 shows that the baseline characteristics of the study participants in the two groups were well balanced. The majority of women were overweight or obese (>70.0%) or noncurrent smokers (>90.0%). This balance was largely maintained among participants in extension study 2. Women who remained in the extension study 2 were slightly more likely to be younger, be non-Hispanic Caucasian, or have a more advanced degree at baseline. Higher WHR (> median 0.8) was not associated with pancreatic cancer risk (adjusted HR ¼ 1.04, 95% CI ¼ 0.79 to 1.35) in the current data set (data not shown in tables).
Results
In intention-to-treat analyses including 46 200 women, we identified 92 cases of pancreatic cancer in the intervention group and 165 cases in the comparison group through August 2014, with an average follow-up duration of 14.7 years (SD ¼ 4.3 years). The age-adjusted incidence rate of pancreatic cancer was lower in the intervention group compared with the comparison group (35, 95% CI ¼ 28 to 48, vs 41, 95% CI ¼ 35 to 48) per 100 000 person years, P ¼ 0.23) (Figure 2 ). The multivariable hazard ratio for pancreatic cancer was 0.86 (95% CI ¼ 0.67 to 1.11). In the selection of confounding factors, none of the variables was associated with both pancreatic cancer (Supplementary Table 1 ¼ .01). We observed similar qualitative effect modification by BMI status when the follow-up was limited to extension study 1 or to the core intervention period (Table 3 ). In addition, we observed inverse associations between low-fat dietary pattern and pancreatic cancer among both overweight and obese women (Supplementary Table 2 , available online).
In further exploratory analyses, we did not observe statistically significant effect modification by weight change, smoking status, type 2 diabetes, or family history of cancer. The DM intervention was associated with a statistically nonsignificant reduced risk of pancreatic cancer among women who lost or maintained weight during follow-up, but not among women who gained weight (P interaction ¼ .08) (Supplementary Table 3 , available online).
Discussion
In a large randomized controlled WHI-DM trial conducted in postmenopausal women in the United States, an intervention emphasizing a lower-fat dietary pattern that incorporated higher intake of fruits, vegetables, and grains resulted in a statistically nonsignificant, moderate risk reduction in pancreatic cancer. However, there was a statistically significant risk reduction in pancreatic cancer among overweight or obese women in the intervention group that persisted even several years after the active intervention ceased.
Obesity is a well-known risk factor for pancreatic intraepithelial neoplasia (PanIN) and pancreatic cancer in Western countries (24,25). The interaction effect between the DM intervention and baseline BMI suggested that the dietary intervention mitigated obesity-associated sequelae that influence progression of pancreatic cancer. The DM intervention could have contributed to improved insulin resistance and immune function (26) , suppressed chronic inflammatory tumor microenvironment, or changed the gut microbiome (27, 28) . Previous analyses showed that during the initial years, the DM intervention was associated with statistically significant decline in body weight (16) and percentage of fat mass, as measured by DXA scan (29) . In our analysis, the risk reduction associated with intervention in overweight or obese women was the strongest during the core intervention period and attenuated with longer postintervention follow-up. However, we did not find that weight change mediated the inverse association between the DM trial and risk of pancreatic cancer. Nevertheless, the risk reduction of pancreatic cancer was seen only among women who lost or maintained weight, but not among women who gained weight. On the other hand, we observed a statistically nonsignificant but consistent trend of positive association between low-fat dietary pattern and risk of pancreatic cancer among women who had BMIs of less than 25 kg/m 2 . This observation pertains to a small number of cases (n ¼ 60) and remains to be explained if it were true. It is less likely that this normal BMI was due to pancreatic cancer-associated weight loss because the median follow-up time for these cases was more than nine years. The distribution of known risk factors did not differ by BMI status either, albeit the rate of current smokers was higher in women who had normal BMIs (8.0%) than those who had higher BMIs (6.1%). Further biomarker study on metabolic phenotype may help us understand this observation if it's true. Experimental and epidemiological evidence support a favorable effect of the low-fat dietary intervention used in the WHI-DM intervention trial on pancreatic cancer development. In mice, a high-fat diet has been shown to activate oncogenic kras via ptgs 2, leading to pancreatic inflammation and fibrosis and development of PanIN and pancreatic ductal adenocarcinoma (30) . A high-fat diet was associated with increased risk of ARTICLE pancreatic cancer in the National Institutes of Health-AARP Diet and Health Study (31) , and saturated fat from animal sources in particular has been associated with an elevated risk of pancreatic cancer (32) . The epidemiologic finding on fruit and vegetable consumption and pancreatic cancer is inconsistent (1, (33) (34) (35) . Nevertheless, a recent observational study (36) and a meta-analysis showed an inverse association between higher intake of fruits and/or vegetables, whole grains, and wheat and risk of pancreatic cancer (5, 6, 37) . In addition, phytochemicals or food-bioactive compounds have been shown to inhibit pancreatic cancer growth in cell lines or genetically engineered murine models by modulating GSK-3b/NF-jB (38) and IGF1/Act/mTOR pathways (26, 39) . However, we were not able to determine the effect of DM intervention attributable to lower total/saturated fat intake or higher fruit/vegetable intake because the intervention was implemented as a dietary pattern. The current analysis on dietary intervention and pancreatic cancer incidence in a large clinical trial is novel. Study strengths include a randomized design, a large, diverse population of postmenopausal women, a long follow-up period, and medical record confirmation of pancreatic cancer cases. Study limitations included post hoc analyses. Caution needs to be taken in interpreting the study findings based on the subgroup analyses. The observed associations might be explained by factors correlated with intervention but not accounted for in the analysis. The generalizability of the intervention effect in men and premenopausal women needs to be evaluated separately. Based on eligibility criteria, the study findings may not be generalizable to postmenopausal women with a total fat intake of less than 32% of total energy intake. The representativeness of the women in the DM trial thus may be limited. Finally, there was no adherence measure in the comparison group of the DM trial.
Dietary advice similar to the that applied in the WHI-DM intervention trial has been advocated for cancer prevention (40) . However, the quality of US diets remains poor, with less than 20% of adults consuming the recommended amount of fruits and vegetables (41, 42) . In the Framingham Heart Study, the percentage of energy derived from total fat and protein increased in both men and women between 1991 and 2008 (43) . We identified a potentially important opportunity for pancreatic cancer prevention through dietary intervention, specifically in overweight or obese postmenopausal women who had a higher percentage of energy intake from fat.
In summary, a statistically significant risk reduction in incidence of pancreatic cancer was seen in women with baseline BMIs of 25 kg/m 2 or greater in the DM intervention group. Our observation supported the role of dietary factors in the development of obesity-related pancreatic cancer. Future studies should evaluate whether the preventive effect of diet on pancreatic cancer depends on different genetic, environmental, or metabolic backgrounds in the targeted populations. 
